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Summary
Background.  —  Congenital  bicuspid  aortic  valve  (BAV)  is  the  most  common  congenital  heart
defect and  may  be  responsible  for  aortic  stenosis  early  in  life.  However,  its  pathogenesis  remains
unclear.  A  relationship  between  the  severity  of  aortic  stenosis  and  valvular  surfaces  has  not  been
reported in  the  paediatric  population.
Aims.  —  To  assess  the  feasibility  of  three-dimensional  transthoracic  echocardiographic  planime-
try in  congenital  BAV  in  children  and  to  evaluate  the  inﬂuence  of  valvular  asymmetry  and  aortic
valve area  (AVA)  on  stenosis  severity.
Methods.  —  Seventy  consecutive  children  with  BAV  were  included  in  this  prospective  single-
centre study.  Using  the  multiplanar  review  mode,  surfaces  were  measured  by  planimetry  (in
systole for  AVA  and  diastole  for  cusp  surfaces).  The  degree  of  stenosis  was  assessed  by  instan-
taneous aortic  Doppler.  Results  are  expressed  as  medians  and  ﬁrst  and  third  quartiles.
Abbreviations: 2DE, two-dimensional echocardiography; 2DTTE, two-dimensional transthoracic echocardiography; 3DE, three-
dimensional echocardiography; AVA, aortic valve area; BAV, bicuspid aortic valve; CI, conﬁdence interval; MPR, multiplanar review mode;
MRI, magnetic resonance imaging; RT-3DTTE, real-time three-dimensional transthoracic echocardiography.
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Results.  —  Median  age  was  5.6  years  (2.2—11.5).  Feasibility  was  97%.  Intra-  and  interobserver
concordances  were  excellent  for  the  measurement  of  cusp  surfaces  and  AVA.  Among  the  70
children,  25  had  aortic  stenosis.  The  small/large  cusp  ratio  was  strongly  associated  with  aortic
stenosis  (P  <  0.001).  The  area  under  the  receiver  operating  characteristic  curve  was  0.89  (95%
conﬁdence  interval  0.82—0.97).  The  best  cut-off  value  for  differentiating  stenotic  from  non-
stenotic valve  was  0.75,  with  84%  sensitivity  and  83%  speciﬁcity.  When  indexed  for  body  surface
area, AVA  was  signiﬁcantly  smaller  (P  =  0.031)  in  case  of  stenotic  BAV  (1.51  cm2 [0.99—2.28])
compared  with  non-stenotic  BAV  (1.99  cm2 [1.57—2.52]).
Conclusions.  —  Three-dimensional  echocardiographic  planimetry  is  a  feasible  and  reproducible
method  for  assessing  aortic  surfaces  in  congenital  BAV.  Aortic  stenosis  seems  to  strongly  depend
on the  asymmetry  of  the  valve.
© 2012  Elsevier  Masson  SAS.  All  rights  reserved.
MOTS  CLÉS
Bicuspidie  aortique  ;
Échocardiographie
transthoracique
tridimensionnelle  ;
Oriﬁce  valvulaire
aortique  ;
Sténose  aortique
Résumé
Contexte.  —  La  bicuspidie  aortique  (BAo)  est  la  malformation  cardiaque  congénitale  la  plus
fréquente.  Elle  peut  être  responsable  de  sténose  aortique  (SAo)  dès  le  plus  jeune  âge.  Cepen-
dant, sa  pathogénie  exacte  demeure  incertaine.  La  relation  entre  sévérité  de  la  SAo  et
importance  des  surfaces  valvulaires  n’a  jamais  été  montrée  chez  l’enfant.
Objectifs.  —  Étude  de  la  faisabilité  de  l’échocardiographie  transthoracique  tridimensionnelle
(E3D) pour  l’étude  planimétrique  des  BAo  de  l’enfant  et  étude  de  l’inﬂuence  de  l’asymétrie
valvulaire  ainsi  que  celle  de  l’oriﬁce  valvulaire  aortique  sur  la  sévérité  de  la  SAo.
Méthodes.  —  Soixante-dix  enfants  ayant  une  BAo  ont  été  inclus  consécutivement  dans  cette
étude prospective  monocentrique.  Grâce  au  mode  de  revue  multi-plan,  les  surfaces  valvulaires
ont été  mesurées  par  planimétrie  (en  systole  pour  l’oriﬁce  aortique  et  en  diastole  pour  les
feuillets). Le  degré  de  SAo  était  estimé  par  le  mode  Doppler.  Les  résultats  sont  présentés  sous
forme de  médiane,  premier  et  troisième  quartiles.
Résultats.  — L’âge  médian  était  de  5,6  ans  (2,2—11,5).  La  faisabilité  était  de  97  %  avec  une
excellente  variabilité  intra-  et  interobservateur  tant  pour  la  mesure  des  feuillets  valvulaires
que pour  celle  de  l’oriﬁce  aortique.  25  enfants  avaient  une  SAo.  Le  ratio  petit/grand  feuillet
était corrélé  à  l’existence  d’une  SAo  (p  <  0,001),  l’aire  sous  la  courbe  ROC  étant  de  0,89  (IC  à
95 %  :  0,82—0,97).  La  meilleure  valeur  seuil  permettant  de  différencier  une  valve  sténosante
d’une non  sténosante  était  de  0,75  (sensibilité  84  %  et  spéciﬁcité  83  %).  Indexé  à  la  surface  cor-
porelle,  l’oriﬁce  valvulaire  était  signiﬁcativement  (p  =  0,031)  plus  petit  en  cas  de  BAo  sténosante
(1,51 cm2 [0,99—2,28  vs  1,99  cm2 [1,57—2,52]]  pour  les  non  sténosantes).
Conclusions.  —  La  mesure  planimétrique  des  surfaces  valvulaires  par  E3D  est  une  technique
faisable et  reproductible  en  cas  de  BAo  chez  l’enfant.  La  SAo  semble  dépendre  étroitement  du
caractère asymétrique  de  ces  valves.
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the  conjoint  or  ‘fused’’  area  of  the  two  underdeveloped© 2012  Elsevier  Masson  SAS
ackground
icuspid  aortic  valve  (BAV)  is  the  most  common  congenital
eart  disease,  observed  in  0.4  to  2.25%  of  the  general  pop-
lation  [1,2].  The  clinical  spectrum  is  wide,  ranging  from
symptomatic  valvular  disease  to  severe  heart  failure.  The
everity  of  the  valve  dysfunction  is  related  to  the  mor-
hology  of  the  BAV  [3].  Moreover,  the  phenotype  of  the
AV  is  predictive  of  surgical  timing  [4].  Thus,  the  challenge
s  to  assess  valvular  function  and  determine  its  probable
volution.  Three-dimensional  echocardiography  (3DE)  was
eported  as  an  efﬁcient  means  of  assessing  valvular  mor-
hology  in  BAV  [5].  Indeed,  using  multiplanar  analysis,  this
echnique  allows  precise  measurement  of  valvular  areas
6].  In  adults,  real-time  three-dimensional  transthoracic
chocardiography  (RT-3DTTE)  using  the  biplane  mode  was
onsistent  with  both  transoesophageal  3DE  and  catheter-
zation  for  measurement  of  the  aortic  valve  area  (AVA)
7].  Although  previous  studies  have  demonstrated  that  the
c
t
os  droits  réservés.
everity  of  aortic  stenosis  closely  depends  on  the  struc-
ural  geometry  of  the  aortic  valve,  the  exact  pathogenesis
emains  unclear.  The  aims  of  this  study  were  to  evaluate  the
easibility  of  RT-3DTTE  for  the  assessment  of  aortic  surfaces
n  congenital  BAV  and  to  assess  the  relationship  between
alvular  asymmetry,  AVA  and  aortic  stenosis.
ethods
eﬁnition of bicuspid aortic valve
he  term  BAV  includes  different  morphological  phenotypes.
ndeed,  the  valve  may  be  composed  of  either  two  cusps
purely  bicuspid)  or  three  cusps  (falsely  bicuspid)  with  fusion
partial  or  complete)  of  two  of  them.  The  term  raphe  deﬁnesusps.  For  this  study,  we  used  the  anatomical  classiﬁca-
ion  proposed  by  Sievers  and  Schmidtke  [8],  which  is  based
n  the  presence  and  position  of  the  raphes.  Thus,  a  BAV
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and  was  more  frequent  in  case  of  aortic  stenosis  (48.0%  vs.
22.2%;  P  =  0.03).  Four  patients  were  excluded  from  the  studyCongenital  bicuspid  aortic  valve  
type  0  (true  BAV)  has  only  two  cusps  with  no  raphe  and  BAV
types  1  and  2  have  three  cusps  with  one  and  two  raphes,
respectively.
Patients
This  was  a  single-centre  prospective  study  performed  in  our
paediatric  cardiology  unit.  From  April  2010  to  April  2011,
we  enrolled  all  children  with  an  echocardiographic  diagno-
sis  of  BAV.  These  children  were  initially  referred  for  the
exploration  of  a  cardiac  murmur  or  for  follow-up  of  an
already  known  congenital  heart  disease.  Exclusion  criteria
were  age  >  18  years,  history  of  endocarditis,  concomitant
subaortic  obstruction,  previous  surgical  aortic  commissuro-
tomy  and  previous  percutaneous  aortic  dilation.  Only  BAV
types  0  and  1  (with  0  raphes  and  one  raphe,  respectively)
were  included  because  BAV  type  2  (three  cusps  and  two
raphes)  may  be  considered  as  a  functional  unicuspid  aortic
valve.  The  study  was  approved  by  our  local  ethics  commit-
tee.  A  written  consent  form  was  not  required  according  to
French  law,  given  that  echocardiographic  evaluation  was
part  of  the  regular  management  of  the  children  and  was
required  for  management  of  their  medical  conditions.  No
additional  examination  was  performed  for  the  sole  purpose
of  the  study.
Echocardiographic acquisitions and off-line
analysis
All  patients  underwent  standardized  and  complete  two-
dimensional  transthoracic  echocardiography  (2DTTE),  per-
formed  using  high-quality  commercially  available  ultrasound
systems  (iE33,  Philips  Medical  Systems,  Andover,  MA,  USA).
When  a  BAV  was  diagnosed,  the  examination  was  completed
by  RT-3DTTE.  X3-1  and  X7-2  matrix  probes  (Philips  Medical
Systems,  Andover,  MA,  USA)  were  used,  depending  on  the
age  of  the  patient.  The  best  short-axis  cross-sectional  view
was  selected  to  see  the  most  circular  annulus  and  the  com-
missural  areas.  RT-3DTTE  data  were  acquired—as  much  as
possible  considering  the  extreme  youth  of  some  children  —
during  end  expiratory.  When  necessary,  3D  zoom  was  used
to  improve  image  resolution.  Q-Lab  software  (Philips  Medical
Systems,  Andover,  MA,  USA)  was  used  for  off-line  analysis.
In  the  multiplanar  review  (MPR)  mode,  three  orthogonal
cutting  planes  can  be  moved  independently  of  each  other
through  the  data  set.  The  MPR  mode  allows  better  mor-
phological  analysis  because  the  valve  can  be  seen  in  the
best  2D  cutting  plans  at  any  stage  of  the  cardiac  cycle.
3D  images  were  acquired  by  triggering  to  the  electrocar-
diogram  R-wave  and  quality  was  improved  using  gain  and
compression  controls.  Two  3D  volumes  were  acquired  for
each  patient.  Cusp  surfaces  and  AVA  were  determined  by
planimetry.  The  degree  of  asymmetry  was  assessed  by  man-
ually  surfacing  the  leaﬂets  (Fig.  1).  Aortic  cusp  surfaces
were  measured  in  diastole.  For  BAV  type  1,  the  sum  of
the  two  fused  cusps  was  considered  as  a  single  functional
cusp.  The  ratio  between  the  surfaces  of  the  two  functional
cusps  was  calculated  to  express  the  degree  of  asymmetry
(small/large  cusp  ratio).  AVA  was  measured  at  the  inner
leaﬂet  edges  at  the  time  of  maximal  opening  in  systole.
All  areas  were  corrected  for  body  surface  area.  Mean  and
maximal  instantaneous  aortic  Doppler  gradients  were  mea-
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ured  to  evaluate  aortic  stenosis.  Aortic  Doppler  values
ere  obtained  from  an  apical  ﬁve-chamber  view.  The  valve
as  deﬁned  as  stenotic  for  a  maximal  instantaneous  aortic
oppler  gradient  >  20  mmHg.  The  ascending  aorta,  measured
n  parasternal  long-axis  view,  was  deﬁned  as  dilated  if  the
-score  of  the  diameter  was  >  2.
perators
T-3DTTE  acquisitions  were  performed  by  a  single  cardi-
logist.  Two  independent  operators  performed  the  off-line
nalysis,  randomly  and  on  separate  days,  to  assess  inter-
bserver  variability.  To  evaluate  intraobserver  variability,
he  same  observer  performed  measurements  twice,  on  dif-
erent  days,  in  a  random  order  and  blinded  to  the  prior
esults.
tatistical analysis
tatistical  analysis  was  performed  on  STATA  statistical  soft-
are,  version  11.1  (Stata  Corporation,  College  Station,
X,  USA).  Continuous  variables  are  summarized  as  medians
nd  interquartile  ranges.  Categorical  variables  are  pre-
ented  as  proportions.  In  univariate  analysis,  qualitative
ariables  were  compared  with  the  Chi2 test  (or  Fisher’s
xact  test;  when  necessary).  The  Mann—Whitney  U  test
as  used  to  compare  ranges  of  continuous  non-normally
istributed  variables  according  to  qualitative  variables.
eproducibility  of  the  measurements  was  tested  on  16  ran-
omly  selected  patients  by  calculating  intraclass  correlation
oefﬁcients.  Receiver  operating  characteristic  curves  were
sed  to  determine  the  best  threshold  values  for  sensitiv-
ty  and  speciﬁcity.  Linear  regression  analyses  expressing
oppler  gradients  according  to  AVA  or  small/large  cusp  ratio
re  presented.  A  P  value  <  0.05  was  considered  statistically
igniﬁcant.
esults
opulation characteristics
mong  the  70  patients  included  in  the  study,  44  (62.9%)
ere  male.  Median  age  was  5.6  years  (2.2—11.5)  and  median
eight  was  16.5  kg  (11—32)  (Table  1).  The  most  common
ssociated  cardiac  lesion  was  coarctation  of  the  aorta,
ncountered  in  21  (30%)  patients  (Table  2).  Aortic  stenosis
as  noted  in  25  patients  (35.7%).  The  median  value  of  the
ean  instantaneous  aortic  Doppler  gradient  was  16  mmHg
10—30)  for  stenotic  BAV  and  2  mmHg  (2—3)  for  non-stenotic
alves.  The  median  value  of  the  maximal  instantaneous  aor-
ic  Doppler  gradient  was  30  mmHg  (24—50)  in  case  of  aortic
tenosis  and  4  mmHg  (4—5)  in  case  of  non-stenotic  BAV.  Dila-
ion  of  the  ascending  aorta  occurred  in  22  patients  (31.4%)ecause  they  had  BAV  type  2;  three  of  them  had  aortic  steno-
is  (one  patient  underwent  a  surgical  commissurotomy).
ccording  to  standard  cross-sectional  echocardiography,  all
atients  had  normal  left  ventricular  function.
298  T.  Cognet  et  al.
Figure 1. Measurement of aortic cusp surfaces by planimetry using the multiplanar review mode. A. Schematic representation of the
different types of bicuspid aortic valve (BAV) according to the classiﬁcation described by Sievers and Schmidtke. BAV type 0 has two cusps
with no raphe and BAV type 1 has three cusps with one raphe. Raphes are represented by black lines. In type 0, ap and lat refer to
the spatial position of the cusps. In type 1, the position of the raphe is indicated by L-R (between the left and right coronary sinuses),
R-N (between the right and non-coronary sinuses) and N-L (between the non-coronary and left coronary sinuses). The small/large cusp
ratio corresponds to the surface of the white cusp/surface of the blue cusp ratio. Adapted from Sievers and Schmidtke [8]. B. Real-time
transthoracic three-dimensional echocardiography of a pure BAV (type 0 ap). This valve is perfectly symmetrical as shown by measurement
of the cusp surfaces. C. Multiplanar review mode from three-dimensional acquisition with the three orthogonal cutting plans. Cropping
allows perfect visualization of the valve in a short-axis plane. Ap: anterior-posterior; lat: lateral; L: left coronary sinus; N: non-coronary
sinus; R: right coronary sinus.
Table  1 Population  characteristics.
Aortic  stenosis  (n  =  25)  No  aortic  stenosis  (n  =  45)  P
Age  (years)  4.2  [1.8—9.7]  6.4  [2.2—12.5]  0.65
Men  15  (60.0)  29  (64.4)  0.71
Weight  (kg) 14.8  [10.4—31.6]  21  [12—37]  0.69
Type  of  bicuspid  aortic  valve
Type  0  lat  2  (8.0)  8  (17.8)  NA
Type  0  ap  4  (16.0)  3  (6.7)  NA
Type  1  L-R  9  (36.0)  23  (51.1)  NA
Type  1  R-N  9  (36.0)  7  (15.6)  NA
Type  1  N-L  1  (4.0)  4  (8.9)  NA
Aortic  regurgitation  8  (32.0)  11  (24.4)  0.49
Mitral  regurgitation  1  (4.0)  0  (0)  0.35
Dilation  of  the  ascending  aorta  12  (48.0)  10  (22.2)  0.026Associated  congenital  heart  defect  4  (16.0)  
Data are median [interquartile range] or number (%). Ap: anterior-pos
NA: not applicable; R: right coronary sinus.27  (60.0)  0.74
terior; lat: lateral; L: left coronary sinus; N: non-coronary sinus;
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Table  2  Cardiac  anomalies  associated  with  bicuspid
aortic  valves.
Cardiac  anomalies  n
Coarctation  of  the  aorta
Isolated  14
and  subaortic  membrane  3
and  ventricular  septal  defect 3
and  partial  anomalous  pulmonary  venous  connection 1
Pulmonary  valve  stenosis 2
Atrial  septal  defect 2
Ventricular  septal  defect  2
Double  oriﬁce  mitral  valve  1
Long  QT  syndrome  1
Supraventricular  tachycardia  1
Figure 2. Receiver operating characteristic curve analysing the
ability of valvular asymmetry to discriminate stenotic from non-
stenotic bicuspid aortic valves. The valvular asymmetry is expressed
by the small/large cusp ratio. Area under the curve is 0.89 with a
95% conﬁdence interval of 0.82 to 0.97. The best cut-off value to
distinguish the stenotic from the non-stenotic valve is 0.75, with
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Feasibility
Cusp  surface  and  AVA  measurements  were  feasible  for  97%
of  patients.  RT-3DTTE  analysis  was  not  possible  for  only  two
patients  because  of  poor  image  resolution  attributed  to  poor
echogenicity;  these  two  patients  were  aged  14.9  and  15.7
years.  Tachycardia  was  not  a  limiting  factor  in  our  popula-
tion.
Reproducibility
Intra-  and  interobserver  concordances  were  excellent  for
the  measurement  of  the  cusp  areas  and  the  oriﬁce  area.
Indeed,  intraclass  correlation  coefﬁcients  estimated  for  the
assessment  of  intraobserver  variability  were  0.992  (95%
conﬁdence  interval  [CI]  0.979—0.997)  for  the  small  cusp  sur-
face,  0.998  (95%  CI  0.993—0.999)  for  the  large  cusp  surface
and  0.998  (95%  CI  0.995—0.999)  for  the  AVA.  Correlation
coefﬁcients  expressing  the  interobserver  variability  were
also  excellent:  0.964  (95%  CI  0.900—0.987)  for  the  small
cusp  surface,  0.961  (95%  CI  0.892—0.986)  for  the  large  cusp
surface  and  0.983  (95%  CI  0.953—0.994)  for  the  AVA.Valvular asymmetry and aortic stenosis
According  to  the  functional  status  of  the  valve
(stenotic/non-stenotic),  there  was  no  difference  between
a
a
m
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Table  3 Inﬂuence  of  valvular  asymmetry  and  aortic  valve  are
All  the  patients
(n  =  70)
Small  cusp  surface  (cm2)  0.91  [0.54—1.87] 
Large  cusp  surface  (cm2)  1.28  [0.76—2.19] 
Small/large  cusp  ratio  0.79  [0.59—0.89] 
Aortic  valvular  area  (cm2)  1.43  [0.74—2.50] 
Indexed  aortic  valve  area  (cm2/m2)  1.89  [1.36—2.48] 
Valvular asymmetry is represented by the small/large cusp ratio.4% sensitivity and 83% speciﬁcity.
usp  areas  for  the  large  cusp  (1.27  cm2 vs.  1.31  cm2;
 =  0.93)  or  for  the  small  cusp  (0.72  cm2 vs.  1.13  cm2;
 =  0.15).  However,  the  small/large  cusp  ratio  was  strongly
ssociated  with  aortic  stenosis  (P  <  0.001).  Indeed,  the
edian  ratio  was  0.59  [0.52—0.68]  for  aortic  stenosis  and
.86  [0.79—0.91]  for  non-stenotic  valves  (Table  3).  Showing
he  ability  of  this  ratio  to  predict  aortic  stenosis,  the
rea  under  the  receiver  operating  characteristic  curve
Fig.  2)  was  excellent  at  0.89  (95%  CI  0.82—0.97)  and
he  best  cut-off  value  to  distinguish  stenotic  valves  from
on-stenotic  valves  was  0.75,  with  84%  sensitivity  and  83%
peciﬁcity.  When  considering  only  valvular  asymmetry,  20  of
5  patients  (80%)  with  stenotic  BAV  had  a  small/large  cusp
atio  <  0.75  (P  <  0.001).  For  a  small/large  cusp  ratio  <  0.75,
he  odds  ratio,  calculated  using  a  logistic  regression,  was
1.7  (95%  CI  6.1—77.2;  P  <  0.001).  Finally,  the  degree  of
symmetry  correlated  well  with  the  maximal  instantaneous
ortic  Doppler  gradient  (r  =  —0.6379,  P  <  0.001)  and  the
ean  instantaneous  aortic  Doppler  gradient  (r  =  —0.6102,
 <  0.001)  (Fig.  3).
a  on  stenosis  in  congenital  bicuspid  aortic  valve.
Aortic  stenosis
(n  =  25)
No aortic  stenosis
(n  =  45)
P
0.72  [0.51—1.27] 1.13  [0.59—1.95] 0.15
1.27  [1.04—2.09] 1.31  [0.73—2.34] 0.93
0.59  [0.52—0.68] 0.86  [0.79—0.91] <  0.001
1  [0.57—1.82]  1.82  [0.82—2.66] 0.048
1.51  [0.99—2.28] 1.99  [1.57—2.52] 0.031
300  
Figure 3. Linear regression analysis showing the relationship
between valvular asymmetry and aortic stenosis. A. The degree
of stenosis is represented by the maximal instantaneous aortic
Doppler gradient. Linear regression analysis shows a good relation-
ship (r = —0.6379, P < 0.001) with valvular asymmetry expressed by
the small/large cusp ratio. B. The degree of aortic stenosis is rep-
resented by the mean instantaneous aortic Doppler gradient and
linear regression analysis shows a good relationship (r = —0.6102,
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v < 0.001) with valvular asymmetry. Red lines represent regression
ines.
ortic valve area and aortic stenosis
ndexed  AVA  was  signiﬁcantly  smaller  in  patients  with  a
tenotic  BAV  than  in  patients  with  a  non-stenotic  BAV
1.51  cm2 [0.99—2.28]  vs.  1.99  cm2 [1.57—2.52];  P  =  0.031).
hen  not  indexed,  AVA  was  still  signiﬁcantly  smaller  in
atients  with  a  stenotic  BAV  than  in  patients  with  a  non-
tenotic  BAV  (1  cm2 [0.57—1.82]  vs.  1.82  cm2 [0.82—2.66];
 =  0.048).  However,  both  AVA  and  indexed  AVA  were
eakly  correlated  with  the  maximal  instantaneous  aortic
oppler  gradient  (respectively,  r =  —0.2772,  P  =  0.011  and
 =  —0.2995,  P  =  0.006)  or  with  the  mean  instantaneous  aor-
ic  Doppler  gradient  (respectively,  r  =  —0.2697,  P  =  0.012  and
 =  —0.2953,  P  =  0.007).
ortic valve area and valvular asymmetryhe  association  between  indexed  AVA  and  valvular  asym-
etry  was  not  signiﬁcant  (r  =  0.0296,  P  =  0.16).  BAV  with  a
mall/large  cusp  ratio  <  0.75  had  a  non-signiﬁcantly  smaller
A
A
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ndexed  AVA  than  BAV  with  a  small/large  cusp  ratio  >  0.75
1.43  cm2 [1.06—2.48]  vs.  1.93  cm2 [1.72—2.49];  P =  0.09).
symmetry and aortic dilation
hildren  with  aortic  dilation  (n  =  22)  had  a signiﬁcantly  lower
mall/large  cusp  ratio  than  children  without  aortic  dilation
0.68  [0.50—0.84]  vs.  0.81  [0.65—0.9];  P  =  0.027).
iscussion
easibility of aortic planimetry using real-time
hree-dimensional transthoracic
chocardiography
his  study  shows  that  RT-3DTTE  is  a feasible  method  for
nalysing  cusp  surfaces  and  AVA  in  children  with  a  BAV.  Prov-
ng  the  good  reproducibility  of  the  method,  both  intra-  and
nterobserver  variability  were  low.  Our  data  are  consistent
ith  those  from  previous  adult  studies.  When  compared
ith  catheterization  and  two-dimensional  echocardiogra-
hy  (2DE),  3DE  was  proved  to  be  accurate  and  reproducible
or  the  quantiﬁcation  of  AVA  [9,10]. Moreover,  using  the
PR  mode,  3DE  has  been  reported  to  be  more  precise  than
DE  because  it  overcomes  the  physiological  deformation  of
ortic  annulus  during  the  cardiac  cycle  [11].  An  excellent
orrelation  was  also  reported  between  3DE  planimetry  of
VA  and  2DE  planimetry  of  AVA,  which  require  the  use  of  the
oppler  continuity  equation  [7,12,13].
ole of aortic valve area and valvular
symmetry in aortic stenosis
n  a  recent  paediatric  study,  Bharucha  et  al.  showed  that
he  AVA  value  obtained  by  3DE  was  not  well  correlated
ith  2DE  Doppler  gradients  [14].  In  agreement  with  these
ata,  we  found  a  poor  relationship  between  the  maximal
nd  mean  Doppler  gradients  and  the  AVA  calculated  by  RT-
DTTE.  Nevertheless,  when  considering  aortic  stenosis  for  a
aximal  instantaneous  gradient  >  20  mmHg,  AVA  was  signiﬁ-
antly  smaller  for  the  stenotic  valves.  Above  all,  our  results
uggest  that,  in  children,  aortic  stenosis  strongly  depends
n  the  valvular  asymmetry.  As  proved  by  linear  regression
nalysis,  the  degree  of  stenosis  is  well  correlated  with  the
everity  of  asymmetry  and  a  small/large  cusp  ratio  <  0.75
eems  to  be  predictive  of  an  increased  risk  of  stenotic  valve.
ecause  aortic  stenosis  strongly  inﬂuences  prognosis,  assess-
ent  of  valvular  symmetry  would  to  be  of  interest  in  these
atients  [15].  Furthermore,  even  if  the  prognosis  depends  on
he  severity  of  the  valvular  lesion  at  the  time  of  diagnosis,
 BAV  may  have  the  potential  for  evolution  towards  stenosis
uring  life  [16].  As  3DE  is  valuable  for  clearly  depicting  the
alvular  morphology  of  a  BAV  [17—19],  this  new  technique
eems  to  provide  good  quantiﬁcation  of  valvular  surfaces
nd  clinicians  must  keep  in  mind  that  a  very  asymmetric
alve  might  become  more  stenotic.ortic stenosis:pathophysiology
s  proved  by  a  catheter-based  study,  the  severity  of
he  stenosis  is  inﬂuenced,  in  congenital  BAV,  by  the
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transthoracic echocardiographic assessment of bicus-
pid aortic valve morphology. Echocardiography 2009;26:Congenital  bicuspid  aortic  valve  
structural  geometry  of  the  leaﬂets  [20].  Furthermore,  four-
dimensional  ﬂow  magnetic  resonance  imaging  (MRI)  showed
abnormal  helical  systolic  ﬂow  in  the  ascending  aorta  of
patients  with  a  BAV  [21,22].  This  local  ﬂow  pattern  was
also  reported  in  isolated  ascending  aortic  aneurysms  [23],
suggesting  that  modiﬁcation  of  the  aortic  ﬂow  could  be
responsible  for  lesions  of  the  ascending  aorta.  Because  a
disturbed  ﬂow  may  result  in  local  changes  in  aortic  wall
stress  and  may  cause  aortic  remodelling,  asymmetry  of  the
valve  might  explain  the  role  of  the  BAV  in  aortic  dilation.
By  showing  a  lower  small/large  cusp  ratio  in  the  population
of  BAV  with  aortic  dilation,  our  results  tend  to  support  this
hypothesis.
Study limitations
Several  limitations  must  be  outlined.  First,  even  if  this  3DE
study  is  one  of  the  largest  ever  conducted  in  children  with  a
BAV,  we  did  not  show  any  relationship  between  the  type  of
BAV  and  valvular  asymmetry.  Because  certain  types  of  BAV
are  rare,  a  study  including  more  patients  is  necessary  to
identify  whether  one  particular  phenotype  is  more  asym-
metric  than  others.  Secondly,  no  gold  standard  was  used
to  compare  the  3DE  planimetric  values.  Indeed,  it  would
have  been  ethically  difﬁcult  to  systematically  perform  car-
diac  MRI  in  these  children,  who  are,  for  the  most  part,
asymptomatic.  Because  cardiac  MRI,  which  was  proved  to
be  efﬁcient  for  the  assessment  of  valvular  morphology  in  a
BAV  population  [24],  sometimes  requires  general  anaesthe-
sia,  especially  in  young  children,  it  did  not  appear  ethical
to  perform  this  invasive  examination  for  the  sole  purpose  of
the  study.  Third,  we  deliberately  excluded  patients  with  a
BAV  type  2  because  measuring  the  small/large  cusp  ratio  was
impossible  as  these  valves  may  be  considered  as  monocuspid
(no  commissure  individualized).  However,  in  our  experience,
this  type  of  BAV  appears  to  be  frequently  stenotic:  three
of  the  four  excluded  patients  with  a  BAV  type  2  had  aortic
stenosis.  Finally,  planimetric  measurements  of  valvular  sur-
faces  using  3DE  is  time  consuming  because  of  the  off-line
analysis.
Conclusions
RT-3DTTE  is  a  feasible  and  reproducible  method  of  assessing
valvular  surfaces  in  the  population  of  children  with  a  BAV.
Our  study  shows  that  aortic  stenosis  seems  to  depend
strongly  on  the  asymmetry  of  the  valve.  Furthermore,  a
small  AVA  assessed  by  RT-3DTTE  is  also  associated  with  aortic
stenosis.  When  percutaneous  balloon  valvuloplasty  is  consid-
ered,  this  technique  may  be  useful  for  accurately  choosing
the  balloon  size,  according  to  the  aortic  annulus  and  the
AVA.  However,  further  prospective  studies  are  needed  to
evaluate  this  non-invasive  imaging  technique  in  daily  clinical
practice.
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